Abstract: Novel chiral and achiral N-propargylphosphonamidate monomers [HC≡CCH 2 NH(P═O)R 1 R 2 ,where 1: R 1 =CH 3 ,R 2 =NHC(CH 3 ) 3 2: R 1 =CH 3 ,R 2 =NHC 5 H 9 3:R 1 =OPh,R 2 =NHC(CH 3 ) 3 , 4:R 1 =R 2 =OPh] were synthesized by successive condensation in order to study the helical conformation properties of Nphosphonamidates. One diastereomer was successfully separated from the other in the cases of monomer 1-3(named 1a-3a) according to the single peak in the 31 P NMR spectra. Polymerizations of the monomers 1-4 were carried out with (nbd)Rh + [η 6 -C 6 H 5 B -(C 6 H 5 ) 3 ] as catalyst in CHCl 3 yielding the polymers with number-average molecular weights of 1300-22400. Poly(1a)-poly(3a) and poly(4) were characterized by UV and CD spectroscopy. Poly(1a)-poly(3a) showed an intense positive CD signal at 325 nm based on the conjugated polyacetylene backbone while poly(4) showed no peak there, indicating that the polymers had a helical structure with predominantly one-handed screw sense because of P-chiral centre sole contribution.
Introduction
Helix is a secondary structural character of biological macromolecules, which plays a significant role in determining the high-order structure of biomacromolecules. Helical conformation, folding and assembling information encoded in the building blocks of polymer chains, decides the hierarchical structure and its formation, which is connected to the functions of many biological macromolecules [1, 2] .A large number of researches have been devoted to synthesizing helical polymers with wide potential applications in asymmetric electrosynthesis, polarized photoluminescence and electroluminescence, enantioselective sensing, and asymmetric catalysis [3] [4] [5] [6] [7] [8] . Unfortunately, there are no P-chiral organophosphorus compounds existing in the natural pool of chirality [9] , therefore, most researches focused mainly on helical polymers with C-chiral center . Nowadays, the studies on helical polymers bearing only P-chiral center are rare [10] [11] [12] [13] [14] [15] . As we know, P is one of the most important elements in the organism and plays an exclusive role on the diversion of energy, displacement of matter, transfer of information and so on. In addition, the combination of P with N element is similar to DNA, which can make a good foundation to simulate and get better understanding of the biomacromolecules. Our researches [16] [17] [18] before focused on P-chirality and C-chirality both cooperating in the polymers. Herein the synthesis and polymerizations of N-
propargylphosphonamidates with P-chirality only are novel, and the significant effect of P-chirality to the helical structures of the obtained polymers can be shown by the means of CD, UV spectroscopy.
Results and discussion

Monomer synthesis
The N-propargylphosphonamidate monomers 1-4 were obtained by reactions between phosphonic dichloride and one equivalent of amine and then with one equivalent of N-propargylamine [20] (Scheme 1). As a result, pairs of diastereomers 1-3 were obtained due to the phoshonamidates with P-chiral center. Fortunately, one diasteromer was successfully separated from the other in monomer 1-3 as white powder by column chromatography on silica gel and by recrystallization method (the isolated diastereomers were named 1a, 2a, 3a, respectively).
Scheme. 1. Synthesis of monomers 1-4.
The structure was determined by 1 H NMR, 13 C NMR,
31
P NMR, as well as IR spectroscopy. Monomers 1a-3a exhibited only one single peak on 31 P NMR spectroscopy ( Fig. 1) , indicating that diastereomers 1a-3a could be isolated from the others by the methods mentioned above. The separation of the diastereomers was a big breakthrough. H NMR spectroscopy depicted. The monomers 1a-3a were synthesized with P-chirality to get better understanding of the function of P-chirality in the formation of the helical main chain, which were different from the monomers obtained before with both P-chirality and C-chirality [18] .
Polymerization
The polymerizations of monomers 1a-3a and monomer 4 were carried out with (nbd)Rh Orange-yellow powdery polymers with M n of 1300-22400 and dispersity of 1.3-3.8 were obtained in 48-92% yields. As described above, 1a-3a were subjected to homopolymerization because they could be isolated as a pure state from the supernatants of recrystallization of the monomers. The polymerization of monomer 4 was also apt to homopolymerization since monomer 4 was achiral and had no diastereomers. Tab.1 showed that the average molecular weight of poly(2a)-poly(3a) was low and the high M n was difficult to get by this method. The structure of polymer was confirmed by 1 H NMR and IR spectroscopies corresponding to a polyacetylene structure. The polymer clearly exhibited one signal assigned to the cis vinyl proton of the polyacetylene main chain at 6.3 ppm. The cis content was determined quantitatively from the integrated peak ratio between the cis vinyl proton and the other proton signals [21] . The IR spectroscopy of Poly(3a) did not exhibit IR absorptions at 3224 cm -1 ( νH-C≡ ), which were observed in the monomers 3a, and the 1 H NMR spectroscopy of Poly(3a)had a strong signal at 5.98 (-CH＝C-) and the signal at 2.21 (H-C≡) was not observed, which appeared in monomer 3a. This confirmed that the polyacetylene backbone with rigid main chain was formed which could support the polymer to form helical structure. The other spectroscopic patterns of the polymers were similar to those of poly(3a). On the other hand, 1 H NMR spectra measured at a diluted concentration in CDCl 3 , poly(4) and monomer 4 exhibited the NH proton at 5.63 and 2.61 ppm respectively. For the lower chemical shift of the NH proton of poly(4) compared to that of monomer 4, it can be assumed that poly(4) formed intramolecular hydrogen bonding between N-H and O＝P, as observed in the case of poly(1a)-poly(3a). Figure 2 was the CD spectra of poly(1a)-poly(3a), poly(4) measured in CHCl 3 at room temperature and depicted that poly(1a)-poly(3a) exhibited an intense positive CD signal at 325 nm , while poly(4) showed no signal. This lead to the conclusion that the polymers containing a helical structure with predominantly one-handed screw sense show large optical rotations based on the helical main chain and the chiral phosphonamidate groups can only induce the main chain to be cis-stereoregularity. This is the first time to confirm that ploymers with P-chirality can form helical structure without C-chirality. poly (4a) poly (2a) poly (1a) poly(3a)
Scheme. 2. Polymerizations of 1a-3a
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wavelength(nm) Fig. 2 . CD spectra of the polymers measured in CHCl 3 (c=0.37 mM) at room temperature.
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The degree of predominance of one-handed helicity of poly(2a), poly(3a) was stronger than that of poly(1a). The reason might be that the P-chirality collaborating with proper bulky group can form the helical structure well. The previous research [18] had already confirmed that the P-chirality predominantly affected the helical sense of the polymer because the sign of the CD signal of polymers was opposite. As referred to the polymers here, the peak of CD spectra in present study were a little weak. That might be that helicity of polymers with the collaboration of both Pchirality and C-chirality could be steadier than the polymer only with P-chirality. The Figure 3 depicted the analysis of CD and UV-vis spectra of poly(2a) in different solvents at room temperature. The wave numbers and intensities were somehow different in different solvents, although the spectroscopic patterns were similar to each other. This indicated that the helicity of the main chain could be changed for different solvent, though the degree was not so large as some poly(Npropargylamides) reported so far [18] . Figure 3 depicted that the peak of CD spectra of poly(2a) in CHCl 3 (dielectric constant equal to 4.8) and in THF (dielectric constant equal to 7.5) was higher than that in toluene (dielectric constant equal to 2.4), methylene chloride(dielectric constant equal to 9.1), which indicated that the chemical polarity of the solvent effect on the helicity to some extent and proper chemical polarity of the solvent could make it easier for the hydrogen bonding to form and stabilize.
But for MeOH content, there was some difference because adding methanol weakened the intramolecular hydrogen-bonding between the amide groups in the side chains and inhibited the formation of intramolecular hydrogen-bonding, resulting in the transformation of a helix to some extent into a random state. The CD and UVvis spectra of poly(2a) were measured in CHCl 3 /MeOH with various compositions at 6 room temperature shown in Figure 4 to get better understanding of how the polymer conformation was affected by MeOH, and Fig.4 showed that the intensity of the CD signal decreased upon increasing the methanol content. This confirmed the hypothesis that some poly(N-propargylamides) form a helix which was stabilized by intramolecular hydrogen-bonding between the amide groups in the side chains as well as steric repulsion [21] [22] , and it also confirmed again that the MeOH destroyed hydrogen-bonding stands between the phosphonamidate moieties. 
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The measurement of CD spectra at variable temperature was a simple and effective method to examine the stability of the helical structure of polymers. Fig. 5 shows the CD spectra of poly(2a) measured at 14-50 0 C in CHCl 3 and THF. Upon increasing the temperature both in CHCl 3 and THF solvent, the CD intensity accompanied a slight shift to a lower wavelength region to some extent. It could be concluded that the low temperature was good for the stabilization of hydrogen-bonding and the high temperature resulted in conformational transition from helix to random coil.
Experimental part
Materials
Methylphosphonic ester (Hai Da), cyclohexane (BoEn), tert-butylamine (BoEn), chloroform (BoEn), propargylamine (Sigma-Aldrich), phenylphosphonic dichloride (Sigma-Aldrich) were purchased and used without further purification. (nbd)Rh + [ ŋ 6 -C 6 H 5 B-(C 6 H 5 ) 3 ] (nbd=2,5-norbornadiene) and methylphosphonic dichloride were prepared according to the literature [19] .CHCl 3 used for polymerization was distilled prior to use.
Major equipment and instruments
IR spectra were measured with a NICOLET NEXUS FT-IR spectrophotometer. NMR ( 1 H: 600 MHz; 13 C: 150 MHz) spectra were recorded on a BRUKER AV-600 spectrometer. Melting points (mp) were measured with a Yanaco micro melting point apparatus. Elemental analysis was conducted at analysis and test centre, Beijing Normal University. Number average molecular weights (M n ) and molecular weight distributions (M w /M n ) of the polymers were estimated by GPC (Waters GPC515-2410 System) eluted with THF by polystyrene calibration. Circular dichroism (CD) and UVvis spectra spectra were recorded on a JASCO J-810 spectropolarimeter.
Monomer synthesis and measurements
Synthesis of monomer 1 described is a typical procedure. A solution of cyclohexane (4.1 g, 36 mmol) and triethylamine (4.1 mL, 30 mmol) in ether (15 mL) were slowly added to a methylphosphonic dichloride solution (3.99 g, 30 mmol) in ether (20 mL) with ice bath. The resulting mixture was stirred at 0 0 C for 10 h to form a white powder followed by filtration. A solution of propargylamine (3.3g, 60 mmol) in ether (10 mL) was added to the filtrate drop-wise at room temperature. The resulting mixture was stirred for 24 h, followed by filtration of the mixture. The filtrate washed with water followed by organic layer dried over anhydrous MgSO 4 , filtered and concentrated. The residual mass was purified by column chromatography on silica gel eluted with methanol /ethyl acetate=1/10 (v/v), and dried in vacuum for 5h. Monomers 2-4 were synthesized in a similar way.
The analytical and spectroscopic data of monomers1-4 were as follows. 
